Introduction
Saxitoxin (STX) is a tricyclic perhydropurine alkaloid that includes a family of naturally occurring neurotoxins. This alkaloid undergoes several natural substitutions at various structural positions, resulting in at least 57 known derivatives (Oshima, 1995; Onodera et al., 1997; Llewellyn et al., 2004; Lim et al., 2007a; Wiese et al., 2010) . The toxin is a causative agent of paralytic shellfish poisoning (PSP) in humans, which has tremendous socioeconomic impacts in affected countries (Anderson et al., 1996; Hoagland and Scatasta, 2006; Usup et al., 2012) . The PSPassociated toxins (PSTs) are produced by several species of marine dinoflagellates and prokaryotic cyanobacteria. In the marine environment, the dinoflagellates Pyrodinium bahamense, Gymnodinium catenatum, and several Alexandrium species, have the ability to produce PSTs (e.g. Oshima et al., 1993; Usup et al., 2012) . The toxin profile in marine dinoflagellates is believed to be inherited in a Mendelian manner, and is thus constant among strains of the same species (Sako et al., 1992) . However, the cellular toxin content is less stable phenotypically and varies among strains of the same species (Alpermann et al., 2010) . The toxin production of Malaysian strains of Alexandrium minutum has been characterized in laboratory cultures Lim and Ogata, 2005; Lim et al., 2006 Lim et al., , 2010 . These A. minutum strains produce mainly monosulfated GTX1/4 (>90% mole), with small amounts of GTX2/3 and trace amounts of STX and NEO (Lim and Ogata, 2005; Lim et al., 2006 Lim et al., , 2007b . In accordance with other studies, the relative toxin composition of Malaysian A. minutum strains is relatively stable, predominantly constituted of GTX1/4, even under different N:P supply ratios, or under different N-nutrition conditions (Lim et al., Saxitoxins (STXs) constitute a family of potent sodium channel blocking toxins, causative agents of paralytic shellfish poisoning (PSP), and are produced by several species of marine dinoflagellates and cyanobacteria. Two STX-core genes, sxtA and sxtG, have been well elucidated in Alexandrium but the expression of these genes under various nutritional modes in tropical species remains unclear. This study investigates the physiological responses of a tropical Pacific strain of Alexandrium minutum growing with nitrate or ammonium, and with various nitrogen to phosphorus (N:P) supply ratios. The transcriptional responses of the sxt genes were observed. Likewise, a putative sxtI encoding O-carbamoyltransferase (herein designated as AmsxtI) was recovered from the transcriptomic data, and its expression was investigated. The results revealed that the cellular toxin quota (Q t ) was higher in P-depleted, nitrategrown cultures. With cultures at similar N:P (<16), cells grown with excess ammonium showed a higher Q t than those grown with nitrate. sxtA1 was not expressed under any culture conditions, suggesting that this gene might not be involved in STX biosynthesis by this strain. Conversely, sxtA4 and sxtG showed positive correlations with Q t , and were up-regulated in P-depleted, nitrate-grown cultures and with excess ambient ammonium. On the other hand, AmsxtI was expressed only when induced by P-depletion, suggesting that this gene may play an important role in P-recycling metabolism, while simultaneously enhancing toxin production.
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2010). In fact, the toxin profile is generally consistent among strains found in the Pacific. However, strains that produce predominantly GTX2/3 have been observed from the Atlantic (summarized in Table 1 ). This toxin phenotypic variation is likely influenced by differences in growth conditions (e.g. Anderson et al., 1990a,b; Lim and Ogata, 2005; Lim et al., 2006 Lim et al., , 2007a , nutrient limitation (e.g. Boyer et al., 1987; John and Flynn, 2000; Lim et al., 2010) , intracellular arginine concentration (Anderson et al., 1990a; John and Flynn, 2000) and the presence of grazers (Guisande et al., 2002; Bergkvist et al., 2008) . Until now, it is not known why these species produce the toxins, but it has been suggested either as a defensive mechanism (Turner et al., 1998) or for nitrogen storage (Boyer et al., 1987) . Most of what is currently known about the PST biosynthesis pathway has come from studies on freshwater cyanobacteria. The pathway involves a polycistronic gene cluster that encodes 26 proteins, providing 30 catalytic functions (Kellmann et al., 2008a,b; Mihali et al., 2009 Mihali et al., , 2011 Moustafa et al., 2009; Stucken et al., 2010; Smith et al., 2011) . Using the toxic cyanobacterium, Kellmann et al. (2008a) proposed a PST biosynthesis pathway that was different from that proposed by Shimizu et al. (1984) . This pathway was later elucidated by Tsuchiya et al. (2014) , who chemically synthesized the biosynthetic intermediates of STX and identified those compounds in both toxic cyanobacteria and dinoflagellates; this further supported the biosynthesis pathway proposed by Kellmann et al. (2008a) .
Over the same period, extensive expressed sequence tag (EST) libraries from Alexandrium fundyense, Alexandrium minutum, Alexandrium tamarense, Alexandrium catenatum and Alexandrium bahamense were generated and these have assisted in the discovery of the STX starting gene, sxtA, in dinoflagellates (Stü ken et al., 2011) . Similar to that of cyanobacteria, the sxtA of PSTproducing dinoflagellates has a polyketide synthase (PKS)-like structure, which consists of four catalytic domains, i.e. Sadenosylmethionine (SAM)-dependent methyltransferase (sxtA1); GCN-5 related N-acetyltransferase (sxtA2); acyl carrier protein (sxtA3); and class II aminotransferase (sxtA4) (cf. Kellmann et al., 2008a) . The dinoflagellate sxtA transcript can be either of the short isoform type, sxtA1-A3, or the long isoform type, sxtA1-A4 (Stü ken et al., 2011). The relationship of sxtA long isoform and the ability to produce PSTs has been supported by a study of comparative transcriptomes of Alexandrium catenella and its non-toxic mutant, where the sxtA long isoform was down-regulated in the mutant (Zhang et al., 2014b) . While sxtA4 was found to be present in the transcriptomes of all PST-producing dinoflagellate species tested, some studies have shown that the domain sxtA1 are present in both toxic Stü ken et al., 2011; Hii et al., 2012; Hackett et al., 2013; Suikkanen et al., 2013) and non-toxic species (Murray et al., 2012 (Murray et al., , 2015 . Three paralogs of sxtA1 were recovered from dinoflagellates: clade 1 and 2 appeared to be made up of toxic and non-toxic species; clade 3 comprised species in almost every dinoflagellate group (Murray et al., 2015) .
Besides sxtA, the second core STX gene, sxtG, has also been discovered based on 454 high-throughput sequenced cDNA libraries of Alexandrium fundyense and Alexandrium minutum (Stü ken et al., 2011; Orr et al., 2013) . sxtG encodes an amidinotransferase, which has been proposed to function in the transfer of an amidino group from an arginine molecule into the end-product of sxtA, 4-amino-3-oxo-guanidinoheptane (Kellmann et al., 2008a) . The gene precursor for sxtG was dectected in both toxic and non-toxic Alexandrium species (Orr et al., 2013) , but the gene was only found in the transcriptomes of toxic species (Murray et al., 2015) .
The physiology of Alexandrium minutum in relation to PST production has been widely studied (e.g. Flynn et al., 1994; Chang and McClean, 1997; Bechemin et al., 1999; Lim et al., 2006 Lim et al., , 2010 , but knowledge of the regulation of toxin biosynthesis at the cellular and molecular levels is still limited. Significant progress has been made on the study of transcription patterns of sxtA1, sxtA4 and sxtG in several PST-producing Alexandrium species, including Atlantic strains of A. minutum. Under nutrient-limiting conditions, Perini et al. (2014) demonstrated that there was no correlation between sxtA1 and sxtG and PST production in Mediterranean A. minutum strains. Murray et al. (2011) and Stü ken et al. (2015), on the other hand, reported that the copy number of sxtA4 was strongly correlated with the amount of PSTs produced in Alexandrium pacificum and A. minutum.
The main purpose of this study was to assess the physiological responses of a tropical Pacific strain of A. minutum under two different nitrogen sources (ammonium or nitrate), supplied at various N:P supply ratios, and to investigate the transcriptional response of the core genes of saxitoxin biosynthesis (sxtA1, sxtA4 and sxtG) and a putative sxtI gene (encoding O-carbamoyltransferase) to nutrient conditions in relation to the phenotypic characteristic of cellular toxin contents.
Materials and methods

Algal cultures
Cells of Alexandrium minutum were isolated from Tumpat, Kelantan, Malaysia. Clonal cultures were grown in ES-DK medium (Kokinos and Anderson, 1995) , with 380 mM of nitrate (NaNO 3 ) as the nitrogen source, and 12 mM of orthophosphate (NaH 2 PO 4 ); pH adjusted to 7.8-8.0. Autoclaved filtered seawater with salinity reduced to 15 by addition of distilled water was used as the medium base. Clonal cultures were maintained at 25 AE 0.5 8C, under a 12:12-h light:dark photoperiod in a temperature-lightcontrolled incubator (SHEL LAB, Oregon, USA), illuminated by coolwhite fluorescent bulbs with a light intensity of 100 mmol photons m À2 s
À1
. The strain AmKB02 used in this study was unialgal but xenic.
Experimental set-up
Growth experiments were undertaken to investigate the effect of four different N:P ratios, using NO 3 À as the sole nitrogen source ( where N 0 and N 1 are the respective cell densities (cells ml À1 ) at time t 0 and t 1 (days).
Extracellular nutrient concentrations in the media were measured immediately after each subsampling for cell counts.
The culture medium was sieved through a 10 mm-mesh nylon sieve prior to nutrient analyses to remove cells. Total nitrogen (TN) in the medium was measured using a Shimadzu TOC analyzer with TNM-L unit (Shimadzu, Japan). Inorganic phosphorous (Pi) was analyzed by the ammonium molybdate-ascorbic acid method (Watanabe and Olsen, 1965) , using a PhosVer 1 3 phosphate reagent (HACH, USA) and HACH DR2800 (HACH).
PST analysis
Cultures at day 8 for each treatment (in triplicate) were harvested by centrifugation (2000 Â g, 10 min). The cell pellets were extracted in 0.5 N acetic acid, and cells were disrupted in an ice bath using a digital SLP cell disruptor (Branson, USA) equipped with a microtip. The samples were then centrifuged at 10,000 Â g for 10 min. PSTs were analyzed by high performance liquid chromatography (HPLC) using the isocratic, post-column derivatization method (Oshima, 1995) as detailed in Lim et al. (2006 Lim et al. ( , 2010 .
RNA isolation and cDNA synthesis
Total RNA was extracted from 200 ml of day-8 cultures for all treatments, and day-12 cultures for the control treatment (where
. Cells were harvested by sieving through a 10 mmmesh nylon sieve, back-washed to collect the cells, and centrifuged at 2000 Â g for 5 min. Cell lysis was then performed in TRIzol 1 Reagent (Invitrogen, Life Technologies, USA), followed by RNA isolation using a PureLink 1 RNA Mini Kit (Ambion, Life Technologies, USA). Residual DNA was removed by treatment with Table 2 Extracellular concentrations of total nitrogen (TN) and phosphate (mM, mean AE SD) at the initial phase of each treatment (day 0) and during the period when samples were taken for toxin and gene expression analyses (day 8).
Treatment
Day 0 
Values in parentheses are converted to phosphorous atoms of the molecules. The nitrate and ammonium treatments are as defined in the text.
PureLink 1 DNase I (Ambion). The quality of RNA was assessed and quantified using a Touch Duo uLite micro-volume spectrophotometer (BioDrop, England).
Complementary DNA (cDNA) was synthesized using the Superscript 1 III First Strand Synthesis system for RT-PCR (Invitrogen). Random hexamers were used to reverse transcribe the total RNA. Total cDNA was diluted 10-fold with RNase-free water (Invitrogen) prior to qPCR assay.
Transcriptomic sequencing of A. minutum and identification of sxt genes
Cultures were harvested at the mid-exponential phase. One batch of cultures was harvested 2 h after the onset of light phase and another batch was harvested 2 h after the onset of the dark phase under red light. Cells were immediately frozen in liquid nitrogen. The light and dark phase samples were pooled together and RNA was extracted using the Trizol method. The quality and quantity of the RNA was measured on an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., CA, USA).
For RNA sequencing, cDNA library was constructed using TruSeq RNA Sample Preparation Kit v2 (Illumina, San Diego, CA). In brief, poly(A)-containing mRNA was isolated using magnetic oligo (dT) beads, and fragmented into small pieces (200-700 bp). These short fragments were used as templates to construct the cDNA libraries. After purification and end-repaired, the cDNA fragment were ligated to sequencing adapters. The cDNA fragments were further purified and PCR-amplified to obtain the final library. Sequencing was performed at Beijing Genome Institute (Shenzhen, China) by using an Illumina Hiseq TM 2000 platform (Illumina).
Raw reads were assembled into transcript contigs using SOAPdenovo2 (Luo et al., 2012) by performing de novo assembly, and the contigs were further assembled to form a set of nonredundant unigenes. To identify the candidate sxt genes, unigenes were used in BLASTx searches against the non-redundant protein database in NCBI (www.ncbi.nlm.nih.gov). For a putative sxtI, unigenes annotated as carbamoyltransferase gene were retrieved. To predict the functions of the candidate sxt genes, phylogenetic trees were constructed using MrBayes ver. 3.2.5 (Ronquist et al., 2012 ).
Transcription of sxt genes
To investigate the physiological responses of Alexandrium minutum at various N-P treatments in relation to toxin production, the expression of sxt genes (sxtA1, sxtA4 and sxtG) and a putative sxtI (herein denoted as AmsxtI), were examined by real-time quantitative PCR (qPCR).
qPCR primers
Three sets of constitutive expressed and co-regulated endogenous reference genes (GAPDH, b-actin and 5.8S rRNA gene) were selected for normalization of gene expression data. Primer pairs of Alexandrium minutum b-actin (Amb-actin) and GAPDH (AmGAPDH)
were designed using oligoAnalyzer 3.1 (IDT, https://sg.idtdna.com/ calc/analyzer) based on the nucleotide sequences of A. minutum bactin and GAPDH retrieved from the non-redundant nucleotide (nt) database (GenBank, NCBI). The primer pair for 5.8S rRNA gene (5.8S) was as described in Galluzzi et al. (2004) . The primer pairs for sxtA1, sxtA4 and sxtG were obtained from Perini et al. (2014) , Murray et al. (2011) and Orr et al. (2013) , respectively. For AmsxtI, the contig was retrieved from the A. minutum transcriptomic data, and primers were designed in silico using PrimerQuest (IDT, https://sg.idtdna.com/Primerquest/Home/Index). All the primers used in this study are shown in Table 3 . The qPCR primer pairs for sxtA1, sxtA4, sxtG and AmsxtI were tested and verified by conventional PCR using genomic DNA (gDNA) and cDNA of Alexandrium minutum. Gene amplification was performed in 25 ml reaction mixtures. The PCR cocktail contained 1Â PCR buffer (Promega, Wisconsin, USA), 2 mM MgCl 2 (Promega), 0.2 mM of each dNTP (Fermentas, St. Leon-Rot, Germany), 0.5 mM of each primer, 1 U of Hot start Taq DNA polymerase (Promega) and $100 ng of cDNA template. Gene amplification was performed using an Arktik Thermal Cycler (Thermo Fishers Scientific, Waltham, MA) with the thermal cycling condition as follows: initial denaturation, 94 8C for 5 min; 35 cycles of denaturation, 94 8C for 30 s; annealing, 53-60 8C (touch down) for 30 s; followed by 72 8C elongation for 1 min; and final elongation at 72 8C for 7 min.
Amplicons were electrophoresed on 1% agarose gel, stained with SYBR Safe DNA stain (Invitrogen) and viewed under a Safe Imager TM 2.0 blue light transilluminator (Invitrogen). Amplicons were further purified using Wizard 1 SV Gel and PCR Clean-up System (Promega) prior to DNA sequencing. The single-pass DNA sequencing was performed for both strands using an ABI 3700XL genetic analyzer (Applied Biosystems, Life Technologies, Foster City, CA).
Real-time quantitative PCR (qPCR)
The qPCR assay was performed using an Applied Biosystems 1 7500 Fast Real-time PCR System (Applied Biosystems, Life Technologies, St. Austin, USA) with a Fast SYBR 1 Green Master Mix (Applied Biosystems). The 20-ml reaction mixture contained 10 ml of 2Â SYBR Green master mix, 150 nM of each primer and cDNA template (1:10 dilution). The no-template control (NTC) used distilled water as template. All samples were run in three (Andersen et al., 2004) . Amplification efficiency (AE) of each target gene and the endogenous gene were examined using a series of cDNA dilutions. The average C q was calculated for both target and endogenous genes; the DC q (C q target gene À C q AmGAPDH ) was determined. A regression plot of DC q and the log cDNA dilution was plotted, and the slope determined (Livak and Schmittgen, 2001 ).
Expression of the target genes at various treatments was then calculated by the comparative C T method (2 ÀDDCT method), normalized with the endogenous gene that provides equal AE (Livak and Schmittgen, 2001 ).
Statistical analyses
The mean and standard deviation values of the biological triplicates were calculated. Statistical analysis was performed using one-way ANOVA to examine the levels of significance for cell densities, growth rates, toxin cell quota, Q t , and gene expression in various N-P treatments. A post hoc Tukey's test was used to determine differences among treatments, with the level of significance at p < 0.05. The association between toxin cell quota, Q t , under different treatments, and gene expression was calculated using Spearman's rho nonparametric correlation. All data analyses were performed using GraphPad Prism v. 5.03 (GraphPad Software Inc., USA).
Results
Physiological responses of Alexandrium minutum under various N-P treatments
Growth of Alexandrium minutum in all treatments was acclimatized for three culture cycles. N-P treatments that gave positive growth were used for gene expression analyses, while treatments that did not show any positive growth after the first or second culture cycles were excluded in the subsequent analyses.
In NO 3 -grown cultures of Alexandrium minutum, the highest cell density was observed in NIP cultures (2710 AE 27 cells ml À1 ; Fig. 1A ). Cell densities decreased in lower-phosphate conditions, in the order of NIP < NAP < NLP, with the lowest cell density (1147 AE 45 cells ml À1 ) in NLP cultures (Fig. 1A) . Notably, cell yields in the NHP cultures did not differ significantly when compared to the P-depleted NLP cultures, even though the initial cell density inoculum differed by two-fold. An exponential increase in cell density was observed until day 10 (Fig. 1A) . No significant differences were observed in the mean exponential-growth rates among treatments , respectively. Slight increases in the specific growth rates were observed with increasing P concentration in both nitrate-and ammonium-grown cultures (p < 0.0001; Fig. 2 ).
For NO 3 À treatments, the concentration of nitrate in the media remained replete in all treatments throughout the growth cycle (Fig. 3) . In NLP cultures, the concentration of nitrate in the media stabilized at $400 mM from day 6 onward (Fig. 3A) . The cultures appeared to be P-depleted, as revealed in the $50% decrease of PO 4 3À (Fig. 3B ) and high N:P ratios (40-60; Table 2 , Fig. 3C ).
Toxin production by Alexandrium minutum at various N-P treatments
The toxin composition of Alexandrium minutum AmKB02 throughout all treatments was relatively stable, with GTX1/4 as the major toxin component, comprising 96-99 mol% of total toxins (GTX1, 34-44%; GTX4, 54-62 mol%; Fig. 4A ). GTX2/3 was present at trace concentrations (<0.5 mol% in NO 3 À -grown cultures;
<1 mol% in NH 4 + -grown, P-replete cultures), and no C1/2 toxins were detected over the growth cycle. In the P-depleted NLP cultures, STX was detected in a relatively higher proportion, comprising 4 mol% of total toxins (>1 fmol cell À1 ); no STX was detected in other NO 3 À -grown cultures and a trace of STX ($1 mol%) was detected in NH 4 + -grown P-replete cultures (Fig. 4) .
The cell toxin quota (Q t ) was treatment-dependent. In NO 3 À -grown cultures, the highest Q t was observed in NLP cultures, at 27.5 fmol PST cell À1 (Fig. 4B) . Q t decreased abruptly in P-replete cultures (NHP, NIP and NAP; p < 0.001), and the lowest Q t was observed in nutrient-balanced NIP cultures ($10 fmol cell À1 , Fig. 3B ). NH 4 + -grown cultures resulted in a much higher Q t , with a two-fold increase (29.2-31.8 fmol PST cell À1 ; p < 0.001) with respect to values from NHP cultures (similar N:P $5) (Fig. 4B) .
Identifying of sxt genes in the transcriptome of Alexandrium minutum
The assembly of the Alexandrium minutum transcriptomic library yielded 143,051 unigenes in a range of 150-6216 bp, and a total of 80.8 Mb (Supplementary Fig. S1 ). Both sxtA short and long isoforms and sxtG were identified, with high similarity to sequences of Alexandrium fundyense and Alexandrium catenella ( Supplementary Fig. S1 ).
Two paralogs of sxtA1 were identified from the data set. The phylogeny of sxtA1 ( Supplementary Fig. S2 ) revealed a paralog clustered with mainly the PST-producing dinoflagellate species in clade 2 (cf. Murray et al., 2015) , while a paralog grouped with sequences from almost every dinoflagellate groups (clade 3; cf. Murray et al., 2015) . Contigs successfully annotated as sxtA4 and sxtG were found to form monophyly with other PST-producing dinoflagellate species ( Supplementary Figs. S3 and S4) .
A single unigene, unigene93119, annotated as carbamoyltransferase, NodU family, herein designated as AmsxtI, was selected. The contig length was 273 bp, and the deduced amino acid sequence revealed a polypeptide of 90 amino acids. The uppermost BLASTx hits against NCBI databases returned a putative carbamoyltransferase of Parcubacteria bacterium in the nucleotide database (identity = 54%, score = 89.7, E-value = 2eÀ18, accession = KKW29936.1) and Alexandrium minutum CCMP113 in the SRA database (identity = 96%, bit score = 163, E-value = 3eÀ38, accession = SRR1300213.2695025.2). The nucleotide heterogeneity of AmsxtI with other cyanobacterial sxtI (Anabaena circinalis, Aphanizomenon gracile and Cylindrospermopsis raciborskii) was $0.01% (uncorrected p distances, 1.0813-1.1172), while the amino acid identity was 31.9%, with a similarity of 90.1% (Fig. 5) .
Screening for AmsxtI by PCR using the primer pair in this study (Table 2) showed that AmsxtI was present not only in the toxic Alexandrium minutum and Alexandrium tamiyavanichii, but also in the non-toxic Alexandrium tamutum, Alexandrium pseudogonyaulax, Alexandrium tamerense and Coolia malayensis. However, the gene was not detected in the non-toxic Alexandrium affine and Alexandrium leei (Fig. 6A) . cDNA sequence obtained from A. minutum produced significant hits to the cyanobacterial sxtI (amino acid identity = 44%, score = 57.8-59.3, E-value = 2eÀ12).
qPCR primer specificity
Specificity of the qPCR primers used in this study was confirmed by PCR and DNA sequencing of the amplicons. The primer specificity was further confirmed by MCA, showing a single melt curve for each primer pair used: 77.2 8C for 5.8S rRNA; 86.7 8C for AmGAPDH; 86.8 8C for Amb-actin; 82.9 8C for sxtA1; 85.8 8C for sxtA4; 81.2 8C for sxtG; and 86.5 8C for AmsxtI (Supplementary Fig. S5 ). However, the amplification efficiency of sxtA1 in the Alexandrium minutum strain was not consistent, and was not detected in some treatments, which could be due to very low gene copy number in the cells (C q > 41 cycles). cDNA sequences obtained of sxtA4 and sxtG in this study were highly similar to published Alexandrium minutum sxtA4 and sxtG sequences (uncorrected p distance, 0.0328-0.1135 and 0.0230, respectively). Alignment of gDNA sequence of sxtA1 to published A. minutum sxtA1 showed high similarity, with an uncorrected p distance in the range of 0.0172-0.2722. Phylogenies reconstructed using the three sequences also revealed close relationships with the paralogs from other toxic Alexandrium species ( Supplementary  Figs. S2-S4 ).
Gene-stability and ranking of the endogenous genes
The expression stability of the three endogenous gene markers, AmGAPDH, Amb-actin and 5.8S, showed that the expression of AmGAPDH was the least variable in all treatments, with a stability value of 0.217. Slightly higher values were observed in Amb-actin and 5.8S rRNA (0.533 and 0.632, respectively). Thus, the gene stability in this study is ranked in the following order:
The AE between AmGAPDH and the target genes, sxtA4, sxtG and AmsxtI, tested with a series of cDNA concentrations, resulted in slopes of 0.008 AE 0.0005, 0.0016 AE 0.022, and 0.0178 AE 0.0074, respectively ( Supplementary Fig. S6 ). The slopes are close to zero (<0.1), indicating similar efficiencies of the target and endogenous genes. Also, the endogenous gene expression used in this study was unaffected by the experimental treatments. Thus, relative quantification with the comparative C T method for the target genes could be applied.
Transcriptional response of sxt genes in various N-P treatments
The relative expression of sxtA4 and sxtG were normalized by the least variable endogenous gene, AmGAPDH. Expression of sxtA1 was detected in <30% of the samples analyzed in this study. The gene was below detectable levels in NAP and NLP cultures, as well as in NH 4 + -grown AP1 and AP2 cultures. It was rarely detected in NHP and NIP cultures. Unlike sxtA1, sxtA4 was expressed and detectable in all treatments. In NO 3 À -grown cultures, the expression of sxtA4 was almost constant in P-replete NHP, NIP and NAP cultures (ANOVA, p < 0.05; Fig. 7A ), but slightly higher in NIP cultures. In contrast, Pdepleted NLP cultures induced the transcription of sxtA4, with a two-fold increase in expression levels (Fig. 7A) .
Expression of sxtA4 was greater in P-replete NH 4 + -grown cultures compared to NO 3 À -grown cultures, at least five times higher in the transcription level compared with the P-replete NHP cultures (similar N:P $5; Fig. 7A ). Slightly higher expression levels, even though not significant, were observed in AP2 cultures, which contained slightly lower P compared to AP1 cultures (Fig. 3E) . The results showed that decreases in P correlated with an up-regulation of sxtA4 expression. It is noteworthy that the transcription level of sxtA4 was strongly correlated with Q t , based on the Spearman analysis (rho = 1.00, p = 0.0028). Like sxtA4, the transcription level of sxtG was higher in NO 3 À -grown, P-depleted NLP cultures (Fig. 7B) . In contrast, the transcription level of sxtG decreased sharply in P-replete NH 4 + -grown AP2 cultures (Fig. 7B) . A positive correlation, even though weak, was found between sxtG and Q t (Spearman analysis; rho = 0.6571, p = 0.1750). The expression of AmsxtI in NO 3 À -grown cultures was generally congruent with sxtA and sxtG, where the transcription level in Pdepleted NLP cultures was at least five times higher than that in Preplete NHP, NIP and NAP cultures (ANOVA, p < 0.05) (Fig. 7C) .
AmsxtI was down-regulated in NH 4 + -grown cultures; the transcription level of AmsxtI in AP2 cultures, although slightly higher than that of AP1, was not significant (Fig. 7C) . Like sxtG, a weak correlation was found between AmsxtI and Q t (Spearman analysis; rho = 0.2571, p = 0.6583).
Discussion
Physiological responses of Alexandrium minutum under various N:P supply ratios and N availability
Physiological responses of Alexandrium minutum varied with the availability, sources and concentrations of dissolved inorganic nitrogen (DIN) and phosphorous (Pi, mainly in the form of orthophosphate, P-PO 4 ). Blooms of this species have always been linked to nutrient-enriched semi-enclosed coastal waters, such as estuaries, lagoons, bays, ponds and ports (e.g. Lim et al., 2004 Lim et al., , 2011 Maguer et al., 2004) . In coastal environments, DIN is abundant mainly in the form of nitrate and ammonium (Capone et al., 2008) . Indeed, it has been shown that these nutrients were not limiting during the course of blooms (Vila et al., 2005) . Thus, relative high concentrations of nitrate and ammonium were used in the experiments to observe the physiological responses of this tropical A. minutum under various N:P supply ratios.
In this study, the experimental treatments were maintained for three culture cycles, and only the cultures growing in the third cycle were analyzed for toxin production and gene expression. This was to ensure that nutrient stoichiometry and intracellular expression reached an equilibrium and remained stable for comparison among treatments. However, the P-limited nitrateand ammonium-grown cultures (data not shown) were unable to be sustained for three culture cycles, likely because of an insufficient internal pool of P that was unable to maintain growth. Thus, the remaining treatments in this study represented the physiological status of Alexandrium minutum without nutrient limitation (as seen in the lack of difference in cell yields), which likely resembles the in situ environmental conditions, but with different N:P stresses.
In the NLP cultures (N:P >100), P was likely depleted but not limiting, as the cultures showed positive growth, with a specific growth rate of 0.24 d
À1
. In fact, growth was relatively constant among the nitrate treatments, despite the different N:P supply ratios (Fig. 1) . Although the cells may have been P-stressed initially at the higher N:P ratios, it appears that they adjusted their cellular activities and mechanisms, such that their growth was maintained under various nutrient levels and ratios. Likewise, the intracellular biochemical composition (e.g. C:N:P, protein content, etc.) most likely varied among treatments, as has been demonstrated in other studies (e.g. John and Flynn, 2002; Murata et al., 2006; Hardison et al., 2013 ), but such analysis was not performed in this study.
Cellular PST content in Alexandrium has been demonstrated to change significantly under different culture conditions or nutrient availability. It has been well documented that under nutrient deficiency/limiting conditions, toxin production and Q t increase drastically (Boyer et al., 1987; Anderson et al., 1990a; Flynn et al., 1994; Siu et al., 1997; Bechemin et al., 1999; Hwang and Lu, 2000; Wang and Hsieh, 2001 , 2005 Lippemeier et al., 2003; Touzet et al., 2007; Lim et al., 2010; Lee et al., 2012; Xu et al., 2012; Lin et al., 2016) . Even though the treatments in this study did not seem to be N-or P-limited, the NLP culture (N:P >100) showed a drastic increase in Q t (p < 0.001). The suggestion that relative Pdeficiency, and not only absolute P-limitation, stimulates toxin production is in agreement with what was demonstrated for Alexandrium tamarense (Murata et al., 2006) . Furthermore, it has been shown that toxins accumulate in P-limited, G1 phasearrested cells (Taroncher-Oldenburg et al., 1997; John and Flynn, 2000) ; this was supported by the phenomenon of cell biovolume increase with elevated N:P ratios (John and Flynn, 2000; Lim et al., 2010; Hardison et al., 2013; Zhang et al., 2014a) . Such adaptations might also function as a self-defense mechanism by redirecting the grazing pressure (Guisande et al., 2002; Bergkvist et al., 2008) . Likewise, the increase in Q t might be the result of a mechanism to recycle the intracellular Pi. It is well known that in higher plants, P-stress induces several key enzymes of aromatic biosynthesis that might facilitate intracellular P scavenging. Catalytic reactions of these enzymes produced Pi as the byproduct (Plaxton and Carswell, 1999) . In PST-producing species, it is speculated that during Pi stress STX biosynthesis is enhanced by some enzyme reactions that generate free Pi for re-assimilation. One enzyme involved in the STX biosynthesis that shows this reaction is SxtI, a predicted O-carbamoyltransferase, that catalyzes the transfer of a carbamoyl group from carbamoyl phosphate and releases Pi (see Fig. 3 in Kellmann et al., 2008a) . The gene, in conjunction with sxtJ and sxtK, was the first to be identified in a toxic cyanobacterium. It has been proposed to catalyze a carbamoyl transfer onto the free hydroxyl at C-13, and form the precursor of STX (Kellmann and Neilan, 2007) . In the study, the concentration and % mole of STX increased dramatically in the P-depleted NLP cultures, while in other nitrate treatments STX was below the detection level (Fig. 4) . STX is thought to be the first product of saxitoxin biosynthesis (Kellmann and Neilan, 2007) . This reaction might form part of a metabolic P-recycling system and simultaneously enhance the transcription of STX biosynthetic genes, thus subsequently promoting STX production and accumulation. Intriguingly, the expression of AmsxtI in this study has revealed an up-regulation of this gene only in P-depleted NLP cultures. Furthermore, both sxtA4 and sxtG expression were also upregulated in the NLP cultures ( Fig. 7 and discussion hereafter) . The role of a prokaryotic two-component regulatory system (PhoRPhoP system) and the P inhibition of secondary metabolism have been well elucidated (Martin, 2004; Bibb, 2005) . However, up to now, the regulation of STX biosynthesis genes elicited by a Pstress signaling mechanism (e.g. the eukaryotic two-component signal transduction) has not been discovered.
The difference in cell response to different species of N was reflected in the changes in Q t . Cells grown with ammonium as the N source tend to have higher Q t than that of nitrate-grown cells (this study and references herein). Flynn (2001) attributed this to N stress in nitrate-grown cells, which would alter cellular metabolic activities, thus repressing the synthesis of these N-rich toxins (Wood and Flynn, 1995; John and Flynn, 2000) . In Alexandrium minutum, ammonium is preferentially taken up compared to nitrate (e.g. Maguer et al., 2007 and references herein) , and the presence of ammonium in the wild appears to be favorable to the growth (Maguer et al., 2004) . While ammonium is assimilated by glutamine synthetase (EC 6.3.1.2), excess ammonium is catalyzed by carbamoyl phosphate synthase (EC 6.3.4.16 ) to carbamoyl phosphate, or converted to arginine, a major organic N storage product, via the urea cycle (reviewed in Bittsá nszky et al., 2015) . It is notable that both carbamoyl phosphate (Kellmann et al., 2008a ; discussed above) and arginine are probable precursors for PST biosynthesis (Shimizu et al., 1984; Kellmann and Neilan, 2007) . Based on comparative transcriptomics of A. minutum, Alexandrium tamarense and Alexandrium leei, Usup et al. (2012) suggested that PST production might be favored in A. minutum through enhanced production and accumulation of L-arginine. Indeed, arginase was not expressed in A. minutum, resulting in the absence of arginine catabolism to urea via the urea cycle. Anderson et al. (1990a) showed that the content of cellular arginine was low when the toxin content increased, and vice versa. Likewise, the comparative proteomic study of Jiang et al. (2015) showed that the expression levels of proteins related to arginine metabolism increased when toxin production was high in A. tamarense. Up-regulation of both sxtA4 and sxtG expression in the ammonium-grown, P-replete AP1 and AP2 cultures (Fig. 7) implied that ammonium might play a role in regulating the onset of STX production. It was proposed that two enzymes coded by sxtA4 and sxtG (i.e. aminotransferase and amidinotransferase, respectively; Kellmann et al., 2008a ; as illustrated in Fig. 8 ) use L-arginine to catalyze the initial STX biosynthetic intermediates Int-A 0 and Int-B 0 (cf. Tsuchiya et al., 2014) . The likelihood that PST production serves as an adaptive mechanism of A. minutum cells, and of other PST-producing species in general, to counteract high toxic levels of ammonium, or as part of processes regulating the stress adaptation, remains speculative.
Generally, there is a species-specific threshold concentration for ammonium use-efficiency in cells. For example, Alexandrium minutum from New Zealand was inhibited at NH 4 >25 mM (Chang and McClean, 1997) , at >50 mM for Alexandrium tamarense (Leong and Satoru, 2004) , but Malaysian strains could grow at NH 4 up to 200 mM (Lim et al., 2010 ; this study). The tolerance of dinoflagellates to high toxic ammonium levels was reported at 1200 mM (Collos and Harrison, 2014) . The role of ammonium in bloom development of Alexandrium species remains unclear. Ammonium distribution can be notoriously patchy, depending on uptake rates by phytoplankton and regeneration rates (Townsend et al., 2014) , and high in concentrations in the marine coastal environments (reviewed in Collos and Harrison, 2014) . When nitrate levels are low in coastal waters, high ammonium concentrations could stimulate high phytoplankton growth rates (Bode and Dortch, 1996) . Under conditions of elevated ammonium, blooms of A. minutum may be even more toxic. Determining nutrient availability and limitation in toxin genes regulation may lead to greater insight into the toxic bloom dynamics.
Saxitoxin gene expression
In this study, the culture harvested in late-exponential phase was used as the control for expression analysis. This control was chosen based on the fact that the intracellular metabolism of cells in that phase was relatively stable, and metabolism was relatively low compared to exponential-phase cells (Toulza et al., 2010) . In the present study, the most stable endogenous gene AmGAPDH was used to normalize the gene expressions. Guo and Ki (2012) regarded the gene as the third most stable gene after malate dehydrogenase (MDH) and a-Tubulin (TUA) in the dinoflagellate, Prorocentrum minimum. However, both MDH and TUA could not be verified in Alexandrium species as no sequence data was available in the database.
The first core STX biosynthesis gene sxtA1 was rarely detectable in the treatments. This is consistent with the finding of Perini et al. (2014) , who reported that the expression of sxtA1 in Alexandrium minutum strains CBA57 and AMIB5 was absent in P-or N-limited conditions, but present in the control culture condition. The difficulty in detecting sxtA1 in A. minutum (Perini et al., 2014 ; this study) was likely due to the extremely low gene copy number in the cells (C q > 42 cycles, this study), and also to the downregulation of this gene. The gene was confirmed by gDNA amplification and sequencing, and the paralog, sxtA1 clade 2, (cf. Murray et al., 2015) was identified ( Supplementary Fig. S2 ). It is interesting to note that the paralog initially thought to be confined to PST-producing species, was also found in the gDNAs of non-toxic Alexandrium margalefi and Alexandrium pseudogonyaulax (Murray et al., 2015) . Zhang et al. (2014a) found that the methionine S-adenosyl transferase (MST) gene was down-regulated in P-limited conditions. It was not surprising that sxtA1, which has a function similar to MST, might be regulated in the same manner as MST. The absence of sxtA1 in the cultures that showed the highest Q t cannot be explained in this study. It is theorized that the gene might not be involved in the STX biosynthesis pathway, and therefore in some strains of Alexandrium minutum (Perini et al., 2014; this study) propionyl Coenzyme A (propionyl-CoA) was likely the starter unit for PST biosynthesis instead of acetyl-CoA. It has been shown that alternative acyl-CoA substrates (e.g. acetyl-, butyryl-, isobutyryl-, propionyl-CoA) could be used as starter units in polyketide production (Huitt-Roehl et al., 2015) .
The sxtA4 gene, on the other hand, was differentially expressed. The findings show that expression of sxtA4 in Alexandrium minutum was strongly correlated with Q t (Spearman, rho = 1.00, p = 0.0028). Excess ambient ammonium was implicated in promoting the transcription of sxtA4, as this gene was up-regulated in ammonium-grown cultures compared to the nitrate-grown cultures under the same N:P supply ratio. The enzyme, SxtA4, may use L-arginine, a byproduct of ammonium catabolism in the urea cycle, to catalyze the initial STX biosynthetic intermediate Int-A 0 (Fig. 8) . The pathway has been proven by the detection of Int-A 0 in both toxic cyanobacteria and dinoflagellates (Tsuchiya et al., 2014 (Tsuchiya et al., , 2016 .
The expression of sxtG, like sxtA4, was positively affected by Q t , even though the correlation is weak. This is in contrast to Perini et al. (2014) , who found no significant correlation between sxtG expression and toxin content under nutrient-depleted conditions. Orr et al. (2013) detected the gene in both non-toxic and PSTproducing Alexandrium spp. On the other hand, Murray et al. (2015) found that the gene was generally restricted to PST-producing dinoflagellates. Among the Malaysian Alexandrium species examined, only toxic Alexandrium minutum and Alexandrium tamiyavanichii were found to possess the domain sxtA4. This is in agreement with Murray et al. (2015) , as the domain was not found in the nontoxic Alexandrium affine, Alexandrium cf. tamarense, Alexandrium tamutum, and Alexandrium pseudogonyaulax (Fig. 6B) . Assembly data from the transcriptomic library revealed a contig annotated as the NodU family of carbamoyltransferase [IPR003696] . The NodU family was discovered from an enzyme in a rhizobium and this protein, which shows O-carbamoyltransferase-like activity, is involved in the synthesis of nodulation factors (Jabbouri et al., 1995) . Indeed, O-carbamoylation was proposed to be involved in the STX biosynthesis pathway and the first STX biosynthetic gene sxtI was discovered with activity (Kellmann et al., 2008a) . In Alexandrium minutum cultures, expression of AmsxtI (a putative sxtI) was highly induced only in the P-depleted, nitrate-grown NLP cultures. The reaction is suspected to be involved in the metabolic P-recycling system by increasing or reusing intracellular P; this could indirectly enhance STX production (Fig. 8) .
Even though the gene encoding AmsxtI was found in non-PST producers (Alexandrium tamutum, Alexandrium pseudogonyaulax, Alexandrium tamarense and Coolia malayensis) it could be a silenced or mutant gene. As in the non-toxic cyanobacterium Lyngbya wollei, mutant sxtI was detected with deletion at ATP-binding sites and truncated at the C-terminus of the signature region for Ocarbamoylation (Kellmann et al., 2008b) . O-carbamoyltransferase is known to be involved in the biosynthesis of many secondary metabolites, such as antibiotics (Brewer et al., 1980; Freel Meyers et al., 2004; Kharel et al., 2004) . The gene may play a pleiotropic role and is therefore likely to be found in other species, some of which are known to produce other secondary metabolites [e.g. goniodomin A in A. pseudogonyaulax (Murakami et al., 1988; Triki et al., 2015) and yessotoxin-analogs in C. malayensis (Wakeman et al., 2015) ].
Conclusion
This study advances the knowledge of how environmental factors influence the PST-producing pathway at the molecular level and of what adaptive advantages PST production may provide to toxic dinoflagellates. This study demonstrated that regulation of the saxitoxin genes in a tropical Alexandrium minutum strain is responsive to distinct environmental and physiological stresses. This cellular response might be advantageous in unfavorable environmental conditions, thus leading to successful bloom formation.
